ABSTRACT Background: Hydrometry and densitometry are widely used to assess pediatric body composition due to their ease of application. The accuracy of these techniques depends on the validity of ageand sex-specific constant values for lean tissue hydration or density. Empirical data on these constants, and their variability between individuals, are lacking. Objectives: The objectives were to measure lean tissue hydration and density in a large sample of children and adolescents and to derive prediction equations. Design: Body composition was measured in 533 healthy individuals (91% white) aged 4-23 y by using the 4-component model. Ageand sex-specific median values for hydration and density were obtained by using the LMS (lambda, mu, sigma) method. Regression analysis was used to generate prediction equations on the basis of age, sex, and body mass index SD score (BMI SDS). Values were compared with those in previously published predictions. Results: Age-associated changes in density and hydration differed between the sexes. Compared with our empirical values, use of published values resulted in a mean bias of 2.1% fat (P , 0.0001). Age, sex, and BMI SDS were all significant predictors of lean tissue hydration and density. With adjustment for age and sex, hydration was higher, and density lower, in higher-BMI SDS individuals. Conclusions: The chemical maturation of lean tissue is not a linear process and proceeds differently in males and females. Previously published reference values are inaccurate and induce clinically significant bias in percentage fat. New empirical reference values are provided for use in pediatric hydrometry and densitometry. Further research that extends to cover nonwhite ethnic groups is needed.
INTRODUCTION
The gold standard for body-composition assessment at the molecular level is cadaver dissection; hence, all in vivo measurements in humans are restricted to the measurement of specific physical parameters, such as body density, body water or potassium content, or X-ray attenuation. Raw data on such variables are converted to final body-composition values by using assumptions concerning the biological, chemical, or physical properties of specific body components. Two useful body-composition techniques, especially in children, are hydrometry [the measurement of total body water (TBW)] and densitometry. In hydrometry, TBW is converted to lean tissue (used here synonymously with fat-free tissue) by using an assumed constant value for lean tissue hydration (1) . The same correction is required with the use of most bioelectrical impedance equations, which usually predict TBW from the raw bioelectrical data (2) . In densitometry, the proportion of fat in weight (% fat) is calculated on the basis of assumed constant densities of fat and lean tissues (3) . Although these techniques are regularly used for pediatric body-composition assessment, their accuracy is dependent not only on accuracy of the raw data but also on the accuracy of the tissue property values assumed to be constant among individuals.
These issues are of particular importance when studying children due to the well-established process of chemical maturation that occurs before adulthood (4, 5) . Whereas fat has relatively uniform physical properties throughout the life course (zero water content and a density of 0.9007 kg/L), lean tissue decreases in water content and increases in density during growth (5) . At birth, lean tissue has been proposed to be '80% water, in contrast to the adult value of '73% (5). Lean tissue density likewise increases from '1.063 to '1.10 kg/L over the same period (5) . For almost 3 decades, researchers have relied on 2 landmark publications for these tissue constants. In 1982 Fomon et al (5) published a "reference child," providing such data for the period from birth to age 10 y. However, these data were based on actual measurements only in infancy and at age 9 or 10 y, with most values in between being extrapolated. In 1989 Lohman (6) published similar reference data for the entire pediatric age range, merging the data of Fomon et al with further empirical data based on simultaneous measurements of TBW, body density, and forearm bone mineral density in 292 individuals aged 8-30 y (7). Simulations for adolescents were also reported by Haschke (8) .
Further data on these tissue properties have been reported for narrow age ranges, and typically in small samples (7, (9) (10) (11) (12) , although more comprehensive data for the first 2 y of life are available (13) . Currently, researchers cannot be confident of selecting appropriate age-and sex-specific values, and there is little understanding of other factors associated with individual variability in these tissue properties. For example, we previously reported an association between hydration and body mass index (BMI) SD score (BMI SDS) in children (14) .
We have recently obtained data on body composition in a large, healthy sample of children and adolescents aged 4-23 y. Here, we report reference data for the hydration and density of lean tissue and develop prediction equations on the basis of age, sex, and BMI SDS.
SUBJECTS AND METHODS
A total of 565 normal, healthy children and adolescents aged 4-23 y were recruited by using flyers and newspaper advertisements in London and the southeast of England, starting in 2001. There were no exclusion criteria for BMI; hence, some individuals were categorized as overweight or obese, but they were not recruited directly from obesity weight-loss clinics and had no disease that might have adversely affected growth and development. The lower age limit of 4 y was chosen on the basis of our previous work, in that younger children are unlikely to satisfy the protocol for air-displacement plethysmography. Data collection was extended to young adults to cover the entire pediatric age range. Ethical approval was granted by the Ethical Committee of the University College London Institute of Child Health and Great Ormond Street Hospital. All individuals attended our body-composition investigation suite located at Great Ormond Street Hospital for a 2-h measurement session.
Weight and height were measured by using standard protocols. Body weight (BW) was measured in duplicate as part of the airdisplacement plethysmography protocol (see below). Height was measured by using a wall-mounted stadiometer (Holtain, Dyfed, United Kingdom). BMI was calculated as weight (kg) divided by the square of height (m). Anthropometric data were converted to SDS format by using UK reference data (15, 16) . Obesity was defined as a BMI .95th centile (SDS .1.64), and overweight was defined as a BMI .85th centile (SDS .1.04) (16) . Pubertal development was assessed by Tanner staging by self-assessment on the basis of line drawings. Skinfold thickness measurements were performed in triplicate at the biceps, triceps, subscapular, and suprailiac sites, and the mean of the 3 values was used.
Measurements of TBW by deuterium dilution, bone mineral content (BMC) by dual-energy X-ray absorptiometry (DXA; Lunar Prodigy; GE Medical Systems, Madison, WI), and body volume (BV; in duplicate) by air-displacement plethysmography (Bodpod; Life Measurements, Concord, CA) were obtained as described previously (17) . The deuterium dilution space was converted to TBW assuming the degree of overestimation attributable to proton exchange to be 1.044 (18) . Lung volume was predicted rather than measured in the plethysmography measurements, because we have found a large proportion of children are unable to complete the lung volume measurement protocol. The 4-component (4C) model was used to calculate lean mass and fat mass (FM), as described previously (10, 19) The precision of TBW in our laboratory is 1% (10) . The precision of BV from duplicate measurements and BMC is 0.24 L and 1.1%, respectively (20) . Hydration was calculated as (TBW/ lean mass) · 100%. Density was calculated as [(mass of water + mass of mineral + mass of protein)/(volume of water + volume of mineral + volume of protein)] with the use of values for the density of water at 36°C, mineral, and protein of 0.99371, 3.0375, and 1.34 kg/L, respectively (17) .
Sex-specific values by year of age were obtained for hydration and density by using Cole's LMS (lambda, mu, sigma) method (LMS Chart Maker; Medical Research Council, London, United Kingdom) (21) . This statistical approach, widely used to construct reference data for traits that incorporate the effects of growth, provides 3 outputs: 1) a smoothed median (M or mu) curve, which represents how the outcome varies in relation to age; 2) the CV (S or sigma), which models the scatter of values around the mean and adjusts for any nonuniform dispersion; and 3) the skewness (L or lambda), which is addressed by using age-specific Box-Cox transformation (L) to achieve a normal distribution. Goodness-of-fit was assessed by comparing consecutive models and adding complexity only if a significant improvement to the fit (reduced deviance) was obtained. Because the precision of the M curve at any age depends on data points at younger and older ages, precision is lower at the extremes of the age range. We therefore fitted the data for all ages (4-23 y) and derived M values for the age range of 5-20 y.
Derived values for the density of lean tissue (D L ) were combined with an assumed constant density of fat (D F : 0.9007 kg/L) to generate age-specific constants for application in the generic equation proposed by Siri (3), as undertaken previously by Lohman (6):
where BD is body density, C1 is calculated as (
Multiple regression analysis was undertaken to derive predictive equations for hydration and density of lean tissue. The independent variables comprised age, age squared, sex, and BMI SDS. These values are readily obtainable in community or clinical studies. Our aim was to derive appropriate equations and to identify the proportion of variance accounted for by the predictors. We also compared the utility of sex-specific equations with sex-combined equations. The association of BMI with hydration and density was assessed by using partial correlations adjusted for age and sex.
Residual values for hydration and density were calculated as the measured value minus the average (LMS-derived) value for the appropriate year age group. Correlation analysis was then used to investigate possible associations between the residual values and BMI SDS or skinfold thicknesses. The effect of obesity (categorized as yes/no) on hydration and density after adjustment for age, sex, and ethnicity was also tested for.
The method of Bland and Altman was used to compare our empirical values of % fat with those that were calculated by using densitometry in association with the Lohman values for the pediatric version of Siri's equation (3, 6, 22) . We also calculated the proportion of our sample that would be incorrectly categorized as obese on the basis of % fat [using cutoffs of 20% fat for males and 30% for females (23)] if using the Lohman density values and our own empirical values as the reference. All analyses were conducted with the use of Data Desk version 6.1 (Data Description Inc, Ithaca, NY).
Finally, we evaluated the agreement between hydrometry and densitometry used as 2-component techniques (ie, by using data on TBW or density in combination with our new reference values for hydration or density, respectively) and DXA. Age-and sexspecific values for lean tissue hydration and density were used to convert TBW to lean mass and density to % fat. Bland-Altman analysis was then used to compare agreement in lean mass and % fat between DXA and hydrometry or DXA and densitometry. The DXA lean mass value as used here included both bone and lean soft tissue. Correlations were also calculated to assess the association between bias and the magnitude of lean mass or % fat.
RESULTS
Valid data were obtained for 533 individuals. Data for 32 individuals were discarded in cases in which one or more of the measurements was unsuccessful (n = 16; mostly very young children) or if the modeling was unsuccessful (n = 16) indicated by spurious body-composition data. As indicated in Figure 1 , a wide range of BMI SDS was apparent at all ages. There was no significant correlation between BMI SDS and age in either sex.
Data on the anthropometric SDS values and the range of % fat by sex are provided in Table 1 . On average, our sample was heavier, taller, and relatively heavier for their height than the UK reference data of the early 1990s (P , 0.005 in all cases). Females had significantly greater % fat than males by the 4C model (P , 0.0001, adjusted for age). The prevalence of obesity was 11.5% and 14.7% in males and females, respectively, and was uncorrelated with age. The numbers by pubertal stage were as follows: males: 98, 60, 28, 24, 50 (for pubertal stages 1-5, respectively); females: 87, 48, 34, 22, 80 (for pubertal stages 1-5, respectively); and 2 others not recorded. Age-and sex-specific empirical mean (6SD) values for lean tissue properties, stratified in 2-y age groups, are given in Table 2 .
Our values for density and hydration with equivalent data from other studies for each sex are compared in Figure 2 . Density increased with age in both sexes, but in different patterns. Whereas the increase was relatively consistent in females, in males the values plateaued between 10 and 15 y, and again from 18 y. Hydration decreased with age in both sexes, but again differing by sex. The decrease in hydration in males lagged behind that for females, until a sudden marked drop from ' 16 y. Overall, age changes in lean tissue properties were more linear in females compared with males, but in both sexes the trend was nonlinear. In comparison with previously reported data, our hydration data fit fairly well for males but not for females, in whom the simulations produced values '2% too high in mid-childhood. For density, our values are systematically higher than previously modeled values throughout childhood and adolescence. Our empirical % fat values compared with those obtained by using values for body density in combination with the Lohman values for lean tissue density are shown in Figure 3 . The mean bias was 22.1% (limits of agreement 6 4.7%), which was significantly greater in females than males (23.3 compared with 21.1%, P , 0.001). The bias increased with age in males (r = 0.30, P , 0.0001) but not females (r = 0.11). By using cutoffs of 20% fat in males and 30% fat in females, this error would result in 24 males and 17 females being incorrectly categorized as nonobese, lowering the prevalence of obesity from 36.6% to 27.5% in males and from 33.4% to 27.2% in females. The association between residual hydration or density (the actual value minus the average value for that age-sex group) and BMI SDS was weak but significant (hydration: r = 0.26, P , 0.0001; density: r = 20.14, P = 0.002). With skinfold thickness, with adjustment for age, the associations were weaker (hydration: r = 0.11, P = 0.007; density: r = 20.05, P = 0.2). Fitting a squared BMI term increased the r 2 values only slightly, indicating that the effect of BMI SDS on lean tissue properties is broadly consistent across the range of BMIs. Dividing the sample into those above and below a BMI SDS of zero, differences in density and hydration were greater at older ages, especially in males ( Figure 4) . Mean (6SE) values for hydration were 1.0 6 0.2% (P , 0.0001) greater, and density was 0.0022 6 0.0007 kg/L (P , 0.002) lower in obese compared with nonobese individuals.
Regression equations for density and hydration on age, sex, and BMI SDS are given in Table 3 . Age squared did not contribute significantly, which indicated a linear association. The sex-combined equation explained around half of the variance in density but only a third of the variance in hydration. Given the sex differences in the age pattern of density and hydration, sexspecific models were also fitted, with similar r 2 values as those for the sex-combined model. Ethnicity (black or Asian) was not significant for hydration or density, except for black females in whom the mean density of lean tissue was 0.0003 kg/L lower than in white females (P , 0.0008). Excluding the effects of age and sex, the correlations of BMI SDS with hydration and density were 0.26 (P , 0.0001) and 20.15 (P , 0.001), respectively.
Age-and sex-specific constants on the basis of our data, obtained from the M curve of the LMS method, are shown in Table 4 . These values are for hydration of lean tissue and the C1 and C2 constants for the densitometric equation predicting % fat from body density. The values for adult males are similar to Siri's values of 4.95 for C1 and 4.50 for C2. However, for adult females our values are slightly lower: 4.90 for C1 and 4.44 for C2 at 20 y. The difference between our adult female equation and that of Siri's is 1.1% fat.
Agreement between DXA and hydrometry or densitometry as 2-component techniques is shown in Table 5 . There was a significant underestimation of lean mass by DXA relative to both hydrometry and densitometry in females (P , 0.001) but not in males. Likewise, there was a significant overestimation of % fat by DXA relative to hydrometry and densitometry in females (P , 0.001) but not in males. The limits of agreement were approximately 63.1-3.4 kg of lean mass and 66.1-6.6% fat. Bias was in most cases associated with the magnitude of lean tissue or % fat.
DISCUSSION
This study provides the first comprehensive empirical data on the density and hydration of lean tissue, and their variability, across the majority of the growth period. These data will improve the accuracy of hydrometry and densitometry when applied to the pediatric population. They also reveal important nonlinear patterns of chemical maturation in children, which further differ between the 2 sexes. Our empirical values were similar to those of Lohman (6) for hydration in males but differed substantially for hydration in females and for density in both sexes. These differences generate mean errors of approximately 21 to 22.5% fat in individuals of average fatness according to age, with an overall mean bias of 22.1% for densitometry. Such errors are clinically significant when, for example, categorizing obesity according to adiposity [% fat: .20% in males, 30% in females (23)] rather than BMI.
Maturational changes in hydration and density have been attributed to a combination of factors. On the one hand, decreases in the water content of lean tissue correspond to increases in protein and mineral content (5) and hence to the ratio of extracellular solids to body water (24) . However, this absolute decrease in water content also incorporates a decline in the ratio of extracellular to intracellular water, as cells increase in size and thus in their relative water content (24) . It has been generally assumed that these changes occur fastest in early childhood, and that the rate of change is slower after 2 y (5, 13). Our data, however, suggest that chemical maturation continues at a faster rate until '7 y of age and that less maturation takes place during adolescence than previously assumed.
Our values for male adults aged 18-23 y are extremely similar to those generally assumed, with a mean hydration of 73.4-73.6% and a density of 1.0995-1.1013 kg/L. Our female values are similar for hydration (73.5-73.7%) but slightly greater for density (1.1034-1.1037 kg/L). The average value from 9 cadaver studies was 73.7%, although the range was quite high (68.6-80.8%) (25) , whereas the study by Fuller et al (19) , using the 4C model, reported mean (6SD) values of 73.8 6 2.1% (19) . Our adult values for density are likewise very close to the value of 1.10 kg/L assumed by Siri (3) and Brozek et al (26) and to the mean (6SD) provided by 8 cadaver studies of 1.099 6 0.015 kg/L (27) . From their modeling, Wang et al (27) predicted '0.002-0.004 kg/L greater density in women compared with men, and our empirical data show very similar differences of 0.004 kg/L at age 18-19.99 y and 0.002 kg/L at age 20-22.99 y. Consequently, our data imply that there should be slightly different versions of Siri's equation for adult men and women to calculate body composition from whole-body density. Although in the past decade many body-composition researchers have selected DXA for pediatric research studies, significant bias has been shown in this technique, which further varies between instruments, and in relation to sex and nutritional status (28) (29) (30) . Limits of agreement are also wide in individuals. In the present study, hydration and density have been calibrated against the 4C model, thus removing any average biases at each age. By using this calibration, we found that DXA showed significant disagreement with hydrometry and densitometry as 2-component techniques in females but not males, which is similar to our previous evaluation of DXA by using the 4C model (29) .
However, our study further shows that nutritional status, as indexed by BMI SDS or skinfold thickness, accounts for some of the between-individual variability in lean tissue properties after adjustment for age and sex. This finding is consistent with previous studies by us (14) and others (12) and is partly explained from a theoretical perspective by the fact that hydration of the cellular component of adipose tissue is greater than that of lean tissue (25) . In males, this effect of BMI is negligible until late adolescence, but in females it is significant during pubertal development from '10 y old, although it temporarily lessens at '14 y. Failure to take this effect into account will therefore introduce bias in the final body-composition values in relation to nutritional status, whether hydrometry or densitometry is used. A correction factor could be applied on the basis of our linear regression of hydration or density against BMI SDS, and in the absence of such correction errors of 2-4% fat could arise.
The increase in hydration in obese compared with nonobese individuals averaged '1% after adjustment for age and sex, but in other studies reached '2% in extreme obesity (14) . This greater increase in hydration has been attributed to expansion of the extracellular water pool (31) . The density of lean tissue is likewise reduced by '0.015 kg/L in obese individuals, as we have found previously (32) . When high levels of accuracy are required, 2-component techniques are inherently limited because of their assumption of constant values for lean tissue composition, and multicomponent models are preferred in obese individuals, in whom variability in lean tissue properties is also greater.
Nevertheless, we have previously shown that around half of the variability in hydration and density of lean tissue in the normal weight range can be attributed to methodologic imprecision (10) . This is likely to account for the limited success (r 2 values ranging from 0.28 to 0.53) with which factors such as age, sex, and BMI SDS accounted for density and hydration variance in our regression models. From a theoretical perspective, a narrow range of hydration variability is predicted in healthy individuals of a given age because of limited capacity for variability in cellular and extracellular hydration and in the ratio of extracellular solids to TBW (25) . Because mineral and protein content are closely related, the scenario for hydration is broadly applicable to density.
Disease can generate marked shifts in the extra-to intracellular ratio and change hydration and density to a greater extent. In pediatric survivors of acute lymphoblastic leukemia, we detected a 1.8% increase in hydration and a 0.007-kg/L reduced density relative to healthy control children (33) , some of which may be attributed to the greater adiposity of the patients. In healthy individuals, however, these tissue properties have a limited range of biological variability, and among the range of body-composition techniques, hydrometry and densitometry remain relatively accurate and perform well when compared against the gold-standard 4C model (10, 34, 35) . Furthermore, if the SD of hydration and density in patients is similar to that in healthy children, as we found in our study of leukemia survivors (33), a simple correction factor might be used in subsequent evaluation of such patients on the basis of 2-component methodologies. Due to practical factors, we were not able to extend our study to children aged ,4 y. Body density is rarely measured in young children, but there are negligible difficulties in applying hydrometry across the entire human age range. Butte et al (13) recently published reference values for hydration in the first 2 y of life, although their multicomponent model calculations did not match exactly with our own due to the difficulty of measuring body density in very young age groups. The link between the 2 data sets is not very smooth in females, but it remains unclear if this is an effect of small sample size or methodologic issues.
A further limitation is that we had limited capacity to investigate possible ethnic variability in lean tissue properties. Over 90% of our sample was white, and our nonwhite individuals were distributed across a range of ethnic categorizations. Others have previously reported differences in lean tissue hydration between ethnic groups in adults (35) , although the evidence for density is inconsistent (35) (36) (37) (38) , but findings in children have generally been negative (7, 12) . Modeling suggests that some ethnic differences in density may be too small for empirical detection (27) , and our sample was able to detect only a small difference in the density of lean tissue in black females. This issue therefore requires further investigation; however, the differences identified in adult studies were relatively small, and neither hydrometry nor densitometry are likely to be seriously compromised in accuracy by failing to take ethnicity into account, unless relatively small differences between ethnic groups are themselves the focus of study.
In conclusion, our study provides the first empirical reference data on lean tissue properties for childhood and adolescence and should improve the accuracy of hydrometry and densitometry in relatively healthy members of the pediatric population. Nutritional status accounts for variability in these properties over the normal range of BMI, but the error resulting from this source is of moderate magnitude until individuals are relatively obese. Twocomponent techniques may be less appropriate in individuals with obesity or more severe disease states, in whom multicomponent models remain the preferred approach for molecular data on body composition.
The authors' responsibilities were as follows-JCKW and MSF: study design; JEW, SC, DH, KK, CG, and CW: data collection and modeling; TD: mass spectrometric analysis; JCKW and TJC: statistical analysis with TJC; and JCKW: writing of first draft of the manuscript. All authors contributed to subsequent discussions and revisions. None of the authors declared a conflict of interest.
